Acetylation of a-tubulin Lys40 by tubulin acetyltransferase (TAT) is the only known posttranslational modification in the microtubule lumen. It marks stable microtubules and is required for polarity establishment and directional migration. Here, we elucidate the mechanistic underpinnings for TAT activity and its preference for microtubules with slow turnover. 1.35 Å TAT cocrystal structures with bisubstrate analogs constrain TAT action to the microtubule lumen and reveal Lys40 engaged in a suboptimal active site. Assays with diverse tubulin polymers show that TAT is stimulated by microtubule interprotofilament contacts. Unexpectedly, despite the confined intraluminal location of Lys40, TAT efficiently scans the microtubule bidirectionally and acetylates stochastically without preference for ends. First-principles modeling and single-molecule measurements demonstrate that TAT catalytic activity, not constrained luminal diffusion, is rate limiting for acetylation. Thus, because of its preference for microtubules over free tubulin and its modest catalytic rate, TAT can function as a slow clock for microtubule lifetimes.
INTRODUCTION
Microtubules are biopolymers constructed by the dynamic association of ab-tubulin heterodimers and are essential for fundamental cellular processes ranging from intracellular transport to cell division and cellular morphogenesis. Cells constantly adapt their microtubule arrays to physiological needs by modulating the balance between dynamic short-lived, and stable long-lived microtubule subpopulations. For example, during neurite extension, dynamic microtubules drive the growth of a new neurite, while stable microtubules provide the infrastructure to support this cell elongation (Tahirovic and Bradke, 2009) . Microtubules are subject to diverse and evolutionarily conserved posttranslational modifications (Garnham and Roll-Mecak, 2012; Wloga and Gaertig, 2010) . While the majority of these modifications are on the exterior of the microtubule, acetylation on a-tubulin Lys40 stands out as the only modification in the microtubule lumen and characterizes old, stable microtubules (Greer et al., 1985; L'Hernault and Rosenbaum, 1985; LeDizet and Piperno, 1987; Piperno and Fuller, 1985; Piperno et al., 1987; . Studies using antibodies specific for acetylated tubulin revealed that acetylation occurs primarily on microtubules and not tubulin and that it is especially abundant on stable microtubules found in cilia, flagella, and centrioles, as well as on subsets of microtubules in the mitotic spindle and long-lived cytoplasmic microtubules with slow dynamics (t 1/2 > 2 hr) that are resistant to depolymerization (Black et al., 1989; Piperno and Fuller, 1985; Piperno et al., 1987; Webster and Borisy, 1989) . Moreover, stabilization of cellular microtubules using Taxol or microtubule-associated proteins (MAPs) increases acetylation levels Takemura et al., 1992) .
Tubulin posttranslational marks, including acetylation, are read by molecular motors and can be used to target them and their cargo to subpopulations of microtubules that have been selectively stabilized (Cai et al., 2009; Hammond et al., 2010) . Consequently, tubulin acetylation is important for early polarization events in neurons (Hammond et al., 2010; Reed et al., 2006) , and decreased tubulin acetylation is linked to defective axonal transport and neuronal migration as well as neurodegenerative disorders such as Alzheimer's, Huntington's and CharcotMarie-Tooth diseases (Dompierre et al., 2007; Li et al., 2012;  reviewed in Garnham and Roll-Mecak, 2012) . Moreover, deficits in axonal transport can be rescued by tubulin hyperacetylation (Dompierre et al., 2007) .
Tubulin acetyltransferase (TAT) is required for mechanosensation in Caenorhabditis elegans (Akella et al., 2010; Shida et al., 2010) . Acetylation does not seem to be only a passive mark on the microtubule, as its loss disrupts microtubule structural integrity in touch receptor neurons, leading to axonal morphology defects (Cueva et al., 2012; Topalidou et al., 2012) . TAT loss also causes brain abnormalities in mice (Kim et al., 2013) . Studies in C. elegans show that TAT loss disrupts microtubule-based motor transport in axons, leading to spontaneous adult-onset axonal degeneration that worsens with age and axon length (Neumann and Hilliard, 2014) .
Other than viruses and clathrin cages, microtubules are the only known hollow polymers in eukaryotic cells. Acetylation on Lys40 stands out as the only known tubulin posttranslational modification located in the microtubule lumen (Nogales et al., 1999; Soppina et al., 2012) . To understand the mechanism of any enzyme, it is critical to know how it accesses its substrate. TAT presents a puzzle: its activity is stimulated by microtubules, yet the luminal presentation of Lys40 within microtubules hinders access by the enzyme. How TAT accesses Lys40 in the microtubule lumen is still not understood. It has been proposed that TAT accesses the lumen either by diffusing from ends (Akella et al., 2010) or taking advantage of defects or breathing of the microtubule lattice. The latter would either allow transient access of the enzyme to the lumen or enable excursion of the Lys40 loop to the exterior of the microtubule shaft (Howes et al., 2014; Shida et al., 2010; Yajima et al., 2012) . To elucidate substrate access by TAT and to uncover the molecular basis for the in vivo correlation between acetylation and microtubule age, we combined X-ray crystallography, electron microscopy, biochemical and single-molecule fluorescence analyses, and modeling. We report the first crystal structure of TAT in complex with a tubulin peptide-ac-CoA bisubstrate analog that together with structure-based functional analyses constrains the active enzyme to the microtubule lumen. Unexpectedly, we find that acetylation by TAT proceeds stochastically along the microtubule without a preference for ends despite the luminal location of the acetylation site. Consistent with this, single-molecule fluorescence imaging reveals that TAT efficiently and stochastically scans the microtubule, while modeling and kinetic analyses demonstrate that TAT catalytic activity, rather than access to the luminal acetylation site, is rate limiting. Thus, by virtue of its preference for the microtubule geometry and its low catalytic rate, TAT alone can function as an enzymatic timer for microtubule lifetimes.
RESULTS

Tubulin Lys40
Loop Recognition by TAT Lys40 lies in a 20 amino acid loop (Gigant et al., 2005; Nogales et al., 1998 Nogales et al., , 1999 . Although a-tubulin residues 37-42 are stringently conserved in a-tubulin isoforms with an acetylatable lysine, the ten-residue segment encompassing Lys40 is disordered in cryoelectron microscopy (cryo-EM) reconstructions of microtubules, indicating high flexibility. To visualize at atomic resolution the conformation of the Lys40 loop when engaged by TAT, and to characterize the Lys40 loop-binding surface of the enzyme, we determined the first structures of human bound to its substrate lysine, by cocrystallizing it with two distinct bisubstrate analogs consisting of a substrate peptide covalently linked to CoA through Lys40 (Figure 1 , Figure S1 Figures S1C and S1D) . Analog shown as a stick model with Lys40 yellow, the rest of the peptide moiety, cyan, coA, and linker, pink in the same scheme as Figure S1C . The jF o j-jF c j density (prior to modeling the ligand) is contoured at 3.5 s (blue). Regions engaged in substrate binding and catalysis are colored green, red, magenta, orange, and blue. (B) Close-up of the active site showing residues engaged in tubulin peptide recognition; red spheres and dashed lines denote water molecules and hydrogen bonds, respectively. Color scheme as in (A). TAT residues labeled in black, peptide residues in color. (C) Close-up of the active site showing residues important for Lys40 recognition and catalysis. Colored as in (A). Water molecule depicted as a red sphere labeled W. See also Figure S1 and Table S1. available online, and Experimental Procedures). Such analogs have been extensively employed to analyze the catalytic mechanism of other lysine acetyltransferases (e.g., p300/CBP [Liu et al., 2008] and GCN5 [Poux et al., 2002] ). In general, bisubstrate analogs have been important tools for understanding the mechanism of enzymes that link two substrates. Our two 1.35 Å resolution complex structures (Table S1 ) exhibit no significant differences between them (root mean-square deviation [rmsd] = 0.1 Å over all atoms). The high resolution of our structures (coordinate precision $0.1 Å ) provides detailed insights into TAT recognition of the Lys40 loop.
The TAT core consists of a six-stranded b sheet surrounded by five a helices (Figure 1 ). The CoA is cradled between strand b6 and helix a5 (Friedmann et al., 2012; Kormendi et al., 2012; Taschner et al., 2012) . Our structures now show residues 38-41 of the a-tubulin acetylation loop folding as an irregular turn ( Figure 1B ), packing against a funnel-shaped depression in the TAT surface (Figures 2A and 2B ), and presenting a fully extended Lys40 into the active site ( Figure 1C ). The external margin of the TAT funnel is formed by residues from the a2-a3 loop, a3, the loop preceding b8, and the b7-a5 loop ( Figure 1A ) that make direct and water-mediated hydrogen bonds with the substrate peptide ( Figure 1B) .
Asp157 of TAT plays a key role at the enzyme-tubulin interface, coordinating the tubulin peptide backbone via a bidentate hydrogen bond to the backbone amides of a-tubulin Asp39 and Lys40 ( Figure 1B) . Consistent with this, mutation of TAT Asp157 reduces acetylation by $96% and $92% with tubulin and microtubules, respectively ( Figure 2C ). The Lys40 backbone is further stabilized by a water-mediated hydrogen bond between its main-chain carbonyl and the side chain of conserved Asn182 of TAT ( Figure 1B) . Mutation of TAT residues Arg69, His75, and Lys98, which stabilize a-tubulin Asp39, significantly impairs activity (Taschner et al., 2012) (Figure 2C ). Likewise, mutation of invariant Asn182 of TAT, which hydrogen-bonds with a-tubulin Ser38, is detrimental ( Figures 1B and 2C ). The many water-mediated interactions between the a-tubulin peptide and TAT suggest a labile interface, consistent with TAT's modest affinity for and activity with the tubulin peptide ( Figure S1B ). The peptide N terminus is cradled by invariant Phe183 and Leu104 of TAT, while the carbonyl oxygen preceding a-tubulin Ser38 hydrogen bonds with invariant Lys102. Mutation of Lys102 renders TAT inactive with a-tubulin peptide (data not shown) and reduces its activity $87% with tubulin and microtubules ( Figure 2C ). The extended Lys40 projects into the funnel neck lined by conserved TAT residues ( Figures 1C and 2A ). Direct and water-mediated hydrogen bonds between invariant Gln58 and Arg158 of TAT close the front of the funnel. The Lys40 side chain is stabilized by van der Waals contacts with conserved Ile64 and the aliphatic moieties of invariant Arg158 and Asp157. Consistent with their role in Lys40 coordination, mutation of Arg158 and Ile64 reduce TAT activity by $70% and >90%, respectively (Taschner et al., 2012) .
Active Site Architecture
To be acetylated, the ε-ammonium group of Lys40 needs to be deprotonated. This is followed by nucleophilic attack by the amine on the carbonyl carbon of ac-CoA. The invariant Asp157 of TAT is well positioned to deprotonate the Lys40 ε-ammonium as it enters the hydrophobic substrate tunnel. Thus, Asp157 may play a role not only in substrate binding, but also catalysis, consistent with the severely deleterious effects of its mutation ( Figure 2C ). Further catalysis could be achieved by enhancing nucleophilicity of the amine by a general base. Cys120 was proposed to act as a catalytic residue (Friedmann et al., 2012) . Our structure shows that Cys120 approaches no closer than 10.6 Å the amide of the bisubstrate analog ( Figure 1B ), making it an unlikely catalytic residue. Gln58, also proposed to be a catalytic residue (Taschner et al., 2012) is well positioned to hydrogen bond to the transition state (its side chain amide oxygen lies 2.9 Å from the carbonyl oxygen of the bisubstrate analog linker). It is, however, unlikely to function in deprotonating the incoming a-tubulin Lys40, because its mutation to glutamate, a better base, abolishes TAT activity ( Figure 2C ). Moreover, while conserved across vertebrate TATs, Gln58 is replaced by Leu in nematode TAT. Gln58 is stabilized by Asp123 whose mutation also decreases TAT activity to background levels ( Figure 2C ). Asp123 is unlikely to deprotonate Lys40, because it approaches no closer than 5.5 Å from the Lys40 nitrogen atom and is more likely important in orienting the Gln58 side chain. Overall, consistent with the low catalytic rate exhibited with tubulin (0.4 hr À1 ), our structure shows that the active site of TAT is not optimized for efficient proton transfer.
The TAT-Tubulin Intermolecular Interface
The Lys40 portal bisects a belt of conserved residues on the TAT surface ( Figures 2B and S2 ) that extends beyond the Lys40 loop recognition funnel and likely constitutes an interaction surface with the rest of tubulin and the microtubule. This surface is flanked by helix a2 and the b4-b5 hairpin, a structural element unique to the TAT family and not found in the related GCN5 family acetyltransferases (Friedmann et al., 2012; Kormendi et al., 2012; Taschner et al., 2012) . Mutation of conserved Phe189 and Phe190 that support the b4-b5 hairpin reduces TAT activity to background ( Figure 2C ). Mutation of invariant Phe105 protruding from the b4-b5 hairpin ( Figure 2B ) severely impairs enzyme activity with both tubulin and microtubules while still preserving 89% activity with a 15-residue tubulin peptide (data not shown), implicating this residue in tubulin recognition beyond the Lys40 loop. Interestingly, mutation of conserved residues in helix a2 (I47A, D48A and K52A, S54A) impairs acetylation disproportionately with microtubules over tubulin, indicating that this structural element is important for sensing the microtubule. a2 contains one of the most conserved TAT sequence segments, underscoring its functional importance.
Lateral Lattice Interactions Dominate Microtubule Enhancement of TAT Activity
TAT activity is enhanced with microtubules over tubulin (Akella et al., 2010; Kormendi et al., 2012; Maruta et al., 1986; Shida et al., 2010) . Microtubules grow through the longitudinal headto-tail association of tubulin dimers into protofilaments and through lateral interactions, protofilaments associate side-byside into the cylindrical microtubule. As a step toward localizing the site of TAT action, we sought to identify the microtubule lattice contacts critical for this enhancement. The Lys40 loop lies at the vertex of four tubulin heterodimers in the microtubule (Nogales et al., 1999) . Thus, TAT activity can be impacted by both longitudinal (between tubulin heterodimers in a protofilament) and lateral (between neighboring protofilaments) lattice contacts ( Figure 3 ). To understand the relative contribution of longitudinal versus lateral contacts for TAT function, we compared TAT activity on microtubules and on tubulin polymers with distinctly different geometries generated using either peptides or certain cations. All these polymers involve longitudinal interactions between tubulin dimers and a varying interdimer angle and polymer curvature ( Figure 3A ). Stathmin/Op18 strings two tubulin dimers head to tail (a1b1-a2b2) in a slightly curved configuration (Gigant et al., 2005) . Dolastatin-10, a short peptide, induces tubulin rings by curving individual protofilaments such that their luminal surface becomes exposed on the exterior face of the ring (Mulder et al., 2009) . Zn 2+ induces the formation of tubulin sheets in which protofilaments of alternating polarity are arrayed in parallel (Nogales et al., 1998) . Acetylation assays with these substrates revealed a statistically significant enhancement over unpolymerized tubulin, indicating a minor contribution of longitudinal lattice contacts to TAT stimulation by microtubules, as well as a lack of strong curvature dependence ( Figure 3A) .
The largest activity enhancement over unpolymerized tubulin is seen with microtubules, which unlike the other polymers tested, display lateral interactions in addition to longitudinal ones. TAT's preference for microtubules manifests itself in both enhanced catalytic rate and higher affinity ( Figures 3A and S3 ). While stable complex formation between unpolymerized tubulin and TAT was undetectable by analytical ultracentrifugation at TAT concentrations as high as 40 mM, binding of TAT to microtubules was evident in sedimentation assays, albeit with a modest affinity (K d $44 mM; Figures S3B and S3C) , comparable to the reported K m for the enzyme ($32 mM) (Friedmann et al., 2012) . Consistent with the importance of lateral interactions for TAT binding, we find that the enzyme promotes stacking of dolastatin-induced tubulin rings in a dose-dependent manner (Figures S3D) as previously found for kinesin-13, which is thought to interact with adjacent protofilaments while promoting microtubule depolymerization (Mulder et al., 2009 ). The F105A TAT mutant defective in acetylation is also impaired in stack formation ( Figure S3E ). The relatively high TAT concentration needed for stack formation is consistent with the modest affinity of TAT for the microtubule. Interestingly, in C. elegans mechanosensory neurons, TAT is one of the most highly expressed genes, at levels comparable to tubulin (Topalidou et al., 2012; Zhang et al., 2002) .
Steric Constraints on Lys40 Recognition
Our structures reveal the conformation of the Lys40 loop when engaged by TAT and thus provide constraints on its presentation to the enzyme in the microtubule context. Residues 38-47 of a-tubulin are invisible in current EM reconstructions of microtubules (Fourniol et al., 2010; Maurer et al., 2012) , but reliable density is present for Pro37. Pro37 is more than 25 Å from the outside microtubule surface, and just two residues away from Lys40 (a maximum span of 12 Å were the polypeptide fully stretched), implying that Lys40 cannot reach out of the lumen without significant rearrangements in microtubule structure ( Figure 3B ). Deuterium exchange experiments revealed no differences in regions flanking the Lys40 loop in tubulin versus microtubules (Xiao et al., 2006) , underscoring the stability of these secondary structure elements. The Lys40 loop lies beneath a fenestration at the vertex formed by four tubulin dimers (Figure 3B) . It has been proposed that this fenestration could allow access of TAT to Lys40 from the outside of the microtubule (Yajima et al., 2012) . However, accessing Lys40 from the outside would still require a long, convex protuberance. Importantly, the TAT microtubule recognition surface, defined by our structures and functional analyses is concave, thus not satisfying shapecomplementarity principles. Thus, our structural and functional data suggest that large rearrangements of the microtubule or TAT would be needed in order for TAT to reach Lys40 from the microtubule exterior. We cannot completely rule out transient, large openings in the lattice that could expose enough of the luminal space to allow TAT to bind Lys40 without completely entering the lumen as previously proposed (Shida et al., 2010) .
However, our experiments with tubulin polymers of different geometries show that lateral lattice interactions are key to TAT activity. These interactions would not be present at microtubule lattice openings.
TAT Acetylation Is Stochastic along the Microtubule Based on the luminal location of the acetylation site, it was proposed that TAT activity on microtubules would be impaired due to hindered access to Lys40 (Akella et al., 2010; Odde, 1998; Shida et al., 2010) . This model is consistent with studies showing that acetylation of axonemes proceeds as a gradient from microtubule ends (Akella et al., 2010) , suggestive of a diffusive mechanism along their axis. Interestingly, acetylation on microtubules in cells does not show a gradient from microtubule ends and appears randomly distributed. To elucidate TAT's direct contribution to these observed acetylation patterns, we visualized the distribution of acetylation marks introduced by recombinant TAT in vitro on microtubules using an antibody specific for acetylated tubulin. We find that TAT acetylates along the entire microtubule without a preference for ends (Figure 4) . The slow accumulation of acetylation marks on microtubules (over tens of minutes) is consistent with the low acetylation rate observed in bulk measurements ($1.6 hr À1 ) as well as cells . The longitudinally unbiased, punctate acetylation pattern is similar to that observed on microtubules in cells Webster and Borisy, 1989) . We also observe a stochastic distribution of acetylation on non-Taxol stabilized microtubules indicating that this effect cannot be attributed to Taxol ( Figure S4 ). Furthermore, we examined the acetylation distribution under conditions where TAT is not limiting. Early time points show again that the enzyme accesses different sites along the entire microtubule equally well and without a bias for sites close to the ends or restricted regions that could signal lattice defects ( Figure 4C ). This is apparent in the line-scan of a microtubule at an early time point and also in average line-scans of multiple microtubules, which demonstrate a uniform acetylation probability along the microtubule ( Figure 4D ).
TAT Scans the Microtubule Lumen Using Surface Diffusion
To understand the mechanism underlying the unbiased acetylation distribution on microtubules and to understand how TAT is able to access the luminal acetylation site, we examined the dynamics of TAT on microtubules. We employed single-molecule total internal reflection fluorescence (TIRF) microscopy to visualize purified TAT-GFP on microtubules immobilized on coverslips (TAT-GFP activity is comparable to that of the untagged protein; Figure S5 ). We observe that single TAT-GFP molecules scan microtubules bidirectionally with a mean 1D diffusion coefficient of 0.27 mm 2 /s (Figures 5A and 5B ; Movies S1 and S2). The average interaction time (t) of TAT-GFP on microtubules is 1.5 s ( Figure 5C ) and the average microtubule length scanned by a TAT molecule is 2.9 mm, with excursions up to 10.4 mm (Figure S5B) . The positions where TAT-GFP molecules start their scans are randomly distributed on the microtubule, showing no bias for ends ( Figures 5D and S5C) . Two possible explanations for this observation are (1) TAT scans the outside of the microtubule in order to more efficiently find ends or lattice defects that allow it access to the Lys40 loop; TAT access through transient lattice openings has been previously proposed (Howes et al., 2014; Shida et al., 2010) , and (2) TAT enters the microtubule lumen through the ends and diffuses through the lumen where it is randomly retarded by its affinity for the microtubule wall. TAT diffusion is too fast to observe when not retarded by the interaction with the microtubule (see below and Experimental Procedures); therefore, the random distribution of scanning start sites would reflect the stochastic distribution of binding events.
Scanning on the microtubule exterior has been observed, among others, for the depolymerizing kinesin MCAK (Helenius et al., 2006) and tau (Hinrichs et al., 2012) . MCAK uses this mechanism to find microtubule ends more efficiently (Helenius et al., 2006) . One-dimensional diffusion is also used by DNA binding proteins to scan long DNAs for specific sequences (von Hippel and Berg, 1989) . TAT robustly scans subtilisin-treated microtubules lacking the tubulin C-terminal tails ( Figure 5E ), unlike MCAK and tau that use these negatively charged tails for this process (Helenius et al., 2006; Hinrichs et al., 2012) . Analysis of 50 microtubules shows that TAT scanning covers the same total microtubule length, regardless of whether microtubules are subtilisin-treated or untreated ( Figure 5F , upper panel). A recent study reported a weak effect of the C-terminal tails on TAT microtubule binding (Howes et al., 2014) . Here, we find that microtubule acetylation is unaffected by removal of the C-terminal tails ( Figure 5F , lower panel). Tubulin C-terminal tails are subject to abundant posttranslational modifications and acetylated microtubules in the cell are often also polyglutamylated, leading to the hypothesis that acetylation can be affected by these other modifications (Howes et al., 2014) . However, we find that TAT scans unmodified microtubules and acetylates them as effectively as brain microtubules that are heavily polyglutamylated on C-terminal tails ( Figures S5G and S5H ). Saccharomyces cerevisiae a-tubulin does not have a conserved acetylation loop and TAT is absent in this organism. We do not observe TAT-GFP scanning on purified S. cerevisiae microtubules nor on engineered S. cerevisiae microtubules in which the divergent endogenous C-terminal tails were replaced with human C-terminal tails (Extended Experimental Procedures).
To establish whether scanning occurs on the outer surface of the microtubule or intraluminally, we decorated the external microtubule surface with three microtubule binding proteins with distinct binding modes (doublecortin, spastin, and the motor domain of kinesin-5) and measured both TAT scanning and acetylation activity (Figures 5 and S5 ). Doublecortin covers Figure S4 . the fenestration at the vertices between four tubulin dimers that overlie the Lys40 loop (Fourniol et al., 2010) and that was proposed to allow access of TAT to the microtubule lumen from the outside. Addition of saturating concentrations of doublecortin had no effect on TAT-GFP microtubule scanning (t = 1.4 s compared to 1.5 s for undecorated microtubules) or acetylation rates ( Figures 5E, 5F , and S5K). Interestingly, TAT localizes to doublecortin decorated microtubules in vivo (Kim et al., 2013) . Saturating concentrations of spastin or kinesin likewise had no effect (Figures 5F and S5I ). Under our experimental conditions, the microtubules were saturated with these MAPs (Figure S5J) . We also used Dylight 550-labeled spastin to visualize microtubule decoration ( Figure 5G ; Movie S3). Microtubules coated with labeled spastin were also scanned efficiently by TAT (t = 1.5 s, statistically indistinguishable from that on undecorated microtubules). Maximum intensity projections demonstrate that total microtubule coverage by TAT-GFP was unchanged in the presence of doublecortin, kinesin, or spastin ( Figure 5F, upper panel) . Together, the results of our experiments with microtubules missing the C-terminal tails as well as decorated with various MAPs argue that TAT-GFP scans the microtubule lumen.
Recent cryoelectron reconstructions revealed Fab fragments (MW $50 kDa) of IgG 6-11B-1 antibodies against acetylated (E) Kymographs depicting the motion of TAT-GFP on a subtilisin-treated microtubule missing C-terminal tails (top) and microtubule in the presence of saturating amounts of doublecortin (bottom) (see also Figure S5K ). (F) Normalized total microtubule length scanned by TAT-GFP molecules (top) and acetylation activity (bottom) with subtilisin microtubules and microtubules coated with doublecortin, spastin, and kinesin-5 motor domain (see also Figure S5J ). Error bars indicate SEM. (G) Kymograph depicting the motion of TAT-GFP on microtubules decorated with DyLight 550-labeled spastin in the presence of ATPgS, which inhibits severing, but not microtubule binding (Roll-Mecak and Vale, 2008) . t, defined as in (C).
Lys40 arranged in regular arrays inside the microtubule lumen (Soppina et al., 2012) . Surprisingly, we find that even larger, full-length IgG 6-11B-1 antibodies can gain access to the lumen of Taxol-stabilized acetylated microtubules. Negative-stain EM of microtubules incubated with these antibodies revealed two distinct populations (Figures S6A-S6E): one had an evident protofilament structure and displayed a 4 nm layerline, reflecting the spacing underlying the helical structure of the microtubule because of the a/b tubulin equivalency at low resolution; the second showed a hardly discernible protofilament structure in real space and an additional 8 nm layerline in Fourier space (Figure S6E ) indicative of the antibody binding to the tubulin heterodimer. Decorated microtubules showed no additional density along the edges, indicating that binding occurs on the luminal surface. In contrast, a well-characterized antibody that binds to the outer surface (directed against the a-tubulin C-terminal tail) showed clear density along microtubule edges ( Figure S6F ). Moreover, 6-11B-1 IgG also clustered at sites of microtubule mechanical damage where the lumen is exposed ( Figure S6G ). Taken together, these data indicate that an intact IgG antibody with affinity for the Lys40 loop can enter the microtubule. Because our EM studies show that a particle as large as an antibody (relative dimensions of IgG and our TAT construct shown in Figure S6H ) can gain access to the microtubule lumen (inner diameter 15 nm) on a timescale of tens of minutes (comparable to acetylation rates), we coupled a C-terminally biotinylated TAT construct to streptavidin beads 1 mm in diameter (experiments using 200 nm beads yielded the same results; data not shown). We then compared the activity of the bead-coupled TAT with tubulin and microtubules. While the bead-coupled enzyme retained activity with tubulin, activity with microtubules was reduced $89% ( Figure 6A ). The residual activity is likely due to unpolymerized tubulin ($15%) present in these experiments. Overall, our experiments with engineered and bead-coupled TAT are consistent with a requirement for the enzyme to enter a confined space during acetylation, and our experiments with MAP-coated microtubules suggest that TAT is able to scan the luminal microtubule wall using surface diffusion.
We cannot completely rule out that there are defects in the lattice that would allow the enzyme to enter at ''breathing'' points along the microtubule as proposed (Friedmann et al., 2012; Howes et al., 2014; Shida et al., 2010; Soppina et al., 2012) . This could account for the random distribution of acetylation marks as well as TAT trajectories that we observe. Defects on the order of 1-2 nm have been documented in microtubules in vitro at points where there are protofilament number changes (Chré tien et al., 1992) ; however, these defects are sparse, the spacing between them ranging from 2.6 mm to more than 20 mm (Chré tien et al., 1992) , not consistent with the nonbiased acetylation patterns that we see on microtubules. The diameter of the TAT globular core is $5 nm, imposing a lower bound on the size of these possible defects on the order of at least one tubulin dimer. Notably, microtubule acetylation is especially abundant on cilia and neuronal microtubules that are covered with stabilizing MAPs. In our assays, acetylation or TAT scanning are not impaired on microtubules coated with doublecortin that binds at the vertex of four tubulin dimers and stabilizes longitudinal and lateral lattice interactions. Moreover, TAT mobility ( Figure 5 ) and acetylation patterns (Figure 4) on the microtubule do not show a bias toward specific regions that would suggest lattice defects ( Figure S5C ).
TAT Catalytic Rate, Not Lys40 Accessibility, Is Rate Limiting The stochastic distribution of acetylation marks and TAT scanning trajectories argues against access to Lys40 being limiting for microtubule acetylation. We applied a previously derived first-principles model to TAT diffusion that accounts for microtubule wall hindrance effects and reversible binding to describe diffusion through the 15 nm wide microtubule lumen of particles with varying size and microtubule affinity (Bungay and Brenner, 1973; Odde, 1998) . Our calculations (Experimental Procedures) indicate that the TAT (Stokes radius R H = 2.7 nm) equilibration time between the microtubule outside and inside would be on the order of minutes for a 10 mm-long microtubule (open on both ends), the mean length of microtubules in our experiment (Figures 6B and S4E) . This is consistent with our observation that, when in excess, TAT acetylates unhindered along the entire microtubule on the order of minutes ( Figure 4C ). The equilibration time depends primarily on TAT dimensions and affinity for the microtubule wall and is very sensitive to the latter parameter (Odde, 1998 ) (Experimental Procedures; Figure S6I ). Our calculations show that TAT diffusion is retarded three orders of magnitude by luminal confinement and microtubule binding. At our current frame acquisition rates, we are unable to detect TAT-GFP diffusion through the microtubule when TAT is not retarded (calculated D hindered = 26.3 mm 2 /s, Experimental Procedures). Thus, the random distribution of scanning trajectory starting points ( Figure 5D and S5C) most likely reflects the stochastic nature of the TAT-microtubule interaction, i.e., TAT can be observed in our assays only when retarded by its interaction with the microtubule. 
DISCUSSION
Stable microtubules in cells, but not dynamic microtubules, are marked by acetylation at Lys40. In the absence of acetylation by TAT, microtubule structural integrity is affected and cell polarity is perturbed in cells that are particularly dependent on stable, polarized microtubule arrays, such as neurons (Cueva et al., 2012; Li et al., 2012; Neumann and Hilliard, 2014; Topalidou et al., 2012) . But, how are stable microtubules selectively marked for the action of regulators? Our results indicate that microtubule age-dependent acetylation by TAT is achieved not by impaired diffusion because of the luminal location of the acetylation site, but due to the slow enzymatic rate of TAT that is more than an order of magnitude slower than the lifetime of dynamic microtubules (t 1/2 $5 min) and more closely matched to the lifetime of stable microtubules (t 1/2 > 2 hr) in cells Webster and Borisy, 1989) . Acetylation is especially enriched on microtubule populations with extremely slow dynamics (t 1/2 $16 hr) (Webster and Borisy, 1989) that are a hallmark of postmitotic cells with complex microtubule architectures such as neurons (Black et al., 1989) . The cell solves the problem of selective marking a stable microtubule population by having a modification inside the microtubule lumen and then exploiting the kinetic discordance between the rate of one-dimensional diffusion versus the catalytic constant of the tubulin acetylase. Acetylation is reversed in cells by the action of tubulin deacetylases such as HDAC6 and SIRT2 (Hubbert et al., 2002; North et al., 2003) . The accumulation of acetylated stable microtubules in cells implies that the reverse deacetylation reaction is even slower than TAT microtubule acetylation. TAT activity defines the population of microtubules that would be available for deacetylases to act on, i.e., stable microtubules because dynamic microtubules would not persist long enough for TAT to acetylate them. However, the density of the acetylation mark on stable microtubules does depend on the activity of deacetylases. In vivo, deacetylation is strongly coupled with microtubule depolymerization (Black et al., 1989) , thus resetting the age-dependent acetylation clock. The net acetylation level and the steepness of the acetylation gradient from old to new will be modulated by overall deacetylase activity. Thus, TAT can function as an enzymatic timer for microtubules with slow turnover and mark them selectively for the action of microtubule regulators.
Our kinetic analyses and modeling show that TAT diffusion is markedly faster than its catalytic rate, explaining the lack of an acetylation gradient on microtubules as would be expected for a diffusion-limited reaction. Consistent with access to the luminal modification site not being limiting, acetylation rates are not enhanced when TAT is copolymerized with tubulin (Kalebic et al., 2013) and acetylation in vivo lags tens of minutes behind microtubule polymerization (Black et al., 1989; Piperno et al., 1987) . Earlier experiments show that acetylation is not enhanced when microtubules are shortened by shearing (Maruta et al., 1986) . In order to produce an observable gradient, microtubules would have to be sufficiently long to match the catalytic rate of TAT. Such an effect would become observable at microtubule lengths exceeding 75 mm (or 150 mm if both ends are open; Figure S6J ). Microtubule lengths in vivo range between 1-100 mm (Odde, 1998) . In the shearing experiments the mean lengths were reduced from $3.4 to 0.6 mm, a length regime where no diffusion limiting effects would have been seen 15 min into the reaction when acetylation was measured (Maruta et al., 1986) . Thus, our experiments (Figures 4 and 5) as well as kinetic modeling ( Figure 6B ) indicate that substrate access through microtubule ends would not be rate limiting for acetylation by TAT, but catalytic rate is. While microtubule defects could further facilitate TAT access to the luminal microtubule space in vivo, they are not required for TAT access on timescales of the order of the catalytic rate of the enzyme. Unlike kinesins that have been shown to act as microtubule rulers by selectively tagging and enhancing their activity on longer microtubules (Subramanian et al., 2013; Varga et al., 2009) , TAT can act as a timer for microtubule lifetimes and can effectively mark stable microtubules, both long and short.
Consistent with the slow catalytic rate of the enzyme, our crystal structures of TAT with two bisubstrate analogs reveal an active site not optimized for efficient catalysis (Figures 1, 2 , and S1E). To accumulate a Michaelis complex and achieve reactivity in this regime of low k cat , the off-rate of the enzyme would have to be slow. However, in such a situation, the enzyme would have limited coverage of the microtubule length in conditions where TAT is limiting because it would be retained close to the microtubule end. We propose that scanning of the microtubule via surface diffusion allows TAT to remain associated with the microtubule in a reactive state for longer periods and yet achieve coverage of long microtubule spans. The high degree of hydration at the TAT-Lys40 loop interface revealed by our cocrystal structures could facilitate the diffusion along the microtubule, akin to the ''water lubricated'' 1D diffusion proposed to be important for the diffusion of DNA binding proteins along DNA (Cooper and Wordeman, 2009) .
Electron cryotomography revealed discrete, closely spaced particles decorating the lumen of flagellar (Nicastro et al., 2006; Sui and Downing, 2006) and neuronal (Garvalov et al., 2006; Topalidou et al., 2012) microtubules. Future experiments will clarify how TAT access is modulated by the presence of luminal particles. Interestingly, these particles disappear from the lumen of neuronal microtubules upon rapid disassembly and reassembly (Burton, 1984) , suggesting a microtubule age-dependent accumulation process. In addition to providing a molecular basis for age-dependent microtubule acetylation, our studies are also applicable to the microtubule binding behavior of other proteins with luminal localization found in neuronal microtubules and axonemes. Furthermore, the interplay between TAT acetylation activity in the constrained luminal space and the association of the enzyme with larger complexes in the cell will be an interesting area of future exploration.
EXPERIMENTAL PROCEDURES
Protein Production, Crystallization, and X-Ray Structure Determination Homo sapiens was expressed in Escherichia coli as a GST-fusion and purified by standard chromatography techniques. A reversed-phase high-performance liquid chromatography (HPLC) assay shows that TAT acetylates minimal tubulin-derived peptides, albeit at a rate lower than with tubulin ( Figures S1A and S1B) , demonstrating that the minimal requirements for catalysis are satisfied by the engagement of TAT with an a-tubulin-derived peptide. The existence of a ternary complex between TAT, ac-CoA, and its tubulin substrate is supported by previous kinetic analyses (Friedmann et al., 2012) , justifying the use of bisubstrate analogs as functional mimics of a TAT ternary complex. Two bisubstrate analogs ( Figures S1C and S1D ) yielded cocrystals that diffracted to better than 1.35 Å resolution. Details for crystallization, structure determination, and purification of TAT constructs can be found in Extended Experimental Procedures.
Acetylation Assays
Tubulin and microtubule acetylation assays with various mutants were performed using 3 [H]acetyl-coA as in Kormendi et al. (2012) . Acetylation assays with peptides, various tubulin polymers, in the presence of MAPs as well as bead-coupled TAT are described in Extended Experimental Procedures.
Modeling TAT Diffusion
To assess the diffusion rate of TAT inside the microtubule, we used a previously developed mathematical model (Bungay and Brenner, 1973; Odde, 1998) (Bungay and Brenner, 1973) . TAT diffusion is most significantly retarded by its reversible binding to the microtubule wall (Odde, 1998) . This results in an effective diffusion constant of TAT D effective $0.082 mm 2 /s.
TIRF Imaging and Analysis
Chambers for single molecule assays were assembled as described in Zió 1-kowska and Roll-Mecak (2013). GFP-TAT molecules were tracked using MTrackJ (Meijering et al., 2012) . A complete description of data collection and analyses can be found in Extended Experimental Procedures.
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